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The common method of describing reaction kinetics f r o m  the mechanistic 

viewpint is with the aid of the empirical rate equations, F r o m  a considera- 

tion of the nature of the reacting species and the rate at which they are 

consumed, the intermediate steps by which the products are fomed can be 

postulated and the transient species involved identified, 

Consider the following chemical reaction that occurs in a closed iso- 

thermal system 

aA +bB + + m M +  CC + dD + 0 + nN (1) 

From this mechanistic viewpoint, equation (1) illustrates only the stoichi- 

ometry of the reaction and does notxeveal in any manner the processes by 

which the products are formed, 

is divorced from the stoichiometric coefficients, 

The order and molecularity of the reaction 

This reaction may be described in an alternate fashion, not as a dynamic 

system involving collisions between plyatomic species, but as a series of 

stationary states at various times, 

states, an initial and a final, at times ti and tf, The nonmechanistic 

description consists of the knowledge of the nature of the initial and the 

final states and of the time necessary for transformation from one to the 

For example, consider two arbitrary 
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other t o  occur, but not the manner in which t h i s  process is carried aut. 

Such a nonmechanistic description can be one of c la s s i ca l  themdynamics i n  

which each s t a t e  has a unique energetic description independent of t he  manner 

i n  which the  state was attained. 

THERMODYNAMIC CONSIDERATIONS 

Consider the  f'ree-nergy difference between the  prcducts and the reactants  

as defined f r o m  c l a s s i ca l  thermodynamics. 

AGi and + associated with the  i n i t i a l  and final states ,  respectively. 

From themdynamic convention, t h i s  free-energy difference must have a nemtive 

value f o r  reaction (1) t o  proceed i n  the direct ion i l l u s t r a t ed  and w i l l  in -  

crease as the  reaction proceeds. Thus AGf > AGiJ and 

This f'unction has a unique value 

Relationship ( 2 )  is as far as c lass ica l  thermodynamics can be used i n  describ- 

ing the  k ine t ic  behavior of reaction (1) i n  te rns  of t he  free-energy difference. 

Finding a specif ic  solution t o  the inequality expressed i n  relationship 

(2) for  a particular reaction w i l l  require an em&icaJ. approach. 

pr lch w i l l  involve expressing the  free-energy term of relationships (2 )  i n  

terms of experhenta l ly  measurable quantit ies and then determining empirically 

the pa r t i cu la r  manner i n  which the W u e  of the  free-energy term increases 

This ap- 

as the  react ion proceeds. 

The a c t i v i t y  quotient Q i s  an experimentally determinable quantity. 

By defini t ion 



- 3 -  

where the  quant i t ies  in  brackets a re  the a c t i v i t i e s  of the products and 

the  reactants, and t h e  exponen%s a re  the stoichiometric coefficients of 

reaction (1). 

by the  following expression: 

The a c t i v i t y  quotient is re la ted  t o  the  free-energy function 

Ai2 = AGO + RT In(&), ’ (4 )  

where AGO 

are  i n  t h e i r  standard s ta tes ,  R 

perature. 

i s  the  fbee-energy difference when a l l  the  products and reactants 

the  gas constant, and T the absolute tem-  

Differentiation of equation (4) with respect t o  time yields  

Relationship ( 2 )  can now be expressed i n  terms of t he  a c t i v i t y  quotient: 

..[WIT > 0. 

This form of the  r e h t i o n s h i p  is  amenable t o  empirical analysis, 

EMPIRICAL ANALYSIS 

Because the  a c t i v i t y  quotient is  defined i n  terms of the stoichiometry 

of a par t icu lar  reaction, t he  empirical analysis of various reactions i n  

terms of relationship ( 6 )  must be res t r ic ted  t o  those reactions that can Be 

represented by a s ingle  stoichiometric equation. 

proceed i n  multiple steps and involve intermediate species, but the praducts 

must appear and the reactant disappear according t o  the s to ich iowtry  of the  

overa l l  equation, 

The ac tua l  reaction may 

While the a c t i v i t y  quotient is experbental ly  measurable, virtua32.y all 

kine t ic  data are i n  terms of p a r t i a l  pressures or  concentrations, 

the  reactions t o  be analyzed must not only m e e t  the  stoichiometry requirements 

Thus, 
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but must occur at lm pressures o r  i n  d i l u t e  solutions so that the p a r t i a l  

pressures ar concentrations of reacting species approximate t h e i r  ac t iv i t i e s .  

To determine empirically the  particuLar manner i n  which the  a c t i v i t y  

quotient term of relationship ( 6 )  varies as a reaction proceeds w i l l  require 

the calcuJation of t he  activity quotient a t  various time intervals. The 

a c t W  kinet ic  data with which t h i s  study was carr ied out were so l ic i ted  

f rom investigators whose r e su l t s  had been reported i n  the  l i t e ra ture .  

reactions w e r e  r e s t r i c t ed  t o  processes that occurred i n  isothermal closed 

The 

systems c 

Since each of t he  reactions investigated is  characterized by i ts  own 

par t icu lar  mechanism, it would be lo@;Lcal to expect relationship ( 6 )  t o  

have as many solutions as there  q,re processes t o  be described, 

the case, however. 

the  logarithm of the  a c t i v i t y  quotient was found t o  vary l inear ly  with the 

logarithm o r  the  elapsed time. This correlation can be expressed i n  terms 

of relationship ( 6)  as 

This is not 

For more than two-thirds of the reactions investigated, 

The empirical data supplied 5y the  various investigators were placed 

d i r ec t ly  on punch cards, and, with the a i d  of an IBM 7094 data processing 

machine, these data were s t a t ig t i ca l ly  analyzed t o  determine haw well  they 

were correlated by the  logari thmic relationship. The three-sigma confidence 

limits of the  dletermination coefficient were computed f o r  each reaction. 

For more than two-thirds of the  101 reactions investigated, the  lower confidence 

limit exceeded 95 percent, which indicated a good correlation. One half of 
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the reactions investigated had a lower confidence l i m i t  greater than 

99 percent, which indicated an excellent correlation of the  empirical data 

according t o  relationship (7)  

The 101 reactions investigated were dis t r ibuted among those reported 

t o  be zero, first,  second, third,  and f rac t iona l  orders, as is i l l u s t r a t ed  

by tab le  1. 

well  correlated by relationship ( 7 ) .  

Two-thirds of t he  first, second, and t h i r d  order reactions were 

There were too few zero and f rac t iona l  

order reactions t o  evaluate the  correlation properly, 

Relationship ( 7 )  is  by no means g e n e r a w  applicable t o  kinet ic  data 

since the  reactions that showed good correlations w e r e  r e s t r i c t ed  t o  those 

i n  which the  overall reaction was homgeneous and stoichiometric, those that 

occurred at  low pressures or i n  d i lu te  solutions, and those i n  which com- 

p e t i t i v e  reactions were absent. 

Relationship (7)  can be expressed as an equationby the introduction of 

a constant of proportionali ty Gr: 

Integrating yields  

where C is a constant of integration. If a quantity tl i s  defined as 

the  time a t  which the a c t i v i t y  quotient is unity, equation (9 )  m y  be 

expressed as 
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The compu%ed values of G, and tl are  l is ted i n  table 2 f o r  a group of 

the reactions investigated. 

GRAPHICAL CORRFZATION 

Figures 1 t o  ll i l lustrate graphically the high degree of correlation 

between the a c t i v i t y  quotient and t h e  elapsed time (see equation ( 9 ) )  fo r  

some of the reactions l i s t e d  i n  tab le  2. Figures 1 t o  4 i l l u s t r a t e  gas-phase 

reactions, while figures 5 t o  11 i l l u s t r a t e  liquid-phase reactions. 

f irst  three liquid-phase reactions occur i n  aqueous solutions, the last four 

The 

i n  nonaqueous ones. I n  most cases, the first 60 percent of each reaction was 

observed, i n  no case l e s s  than 20 percent. 

Figures 1 and 2 i l lustrate the thermal decomposition of four organic 

compounds, The correlation between the a c t i v i t y  quotient and the elapsed 

time is  reasonably good fo r  these reactions, although some deviations were 

observed, most easily noticed i n  the case of t h e  decomposition of acetaldehyde. 

Similar deviations from l i n e a r i t y  were found f o r  other organic decomposition 

reactions i n  which small amounts o f  hydrogen, carbon oxides, o r  simple hydro- 

carbons were: found w i t h  the primary products. This indicates a nonstoichio- 

metric reaction. 

The decomposition of hydrogen peroxide vapor, shown i n  figure 3, shows 

a high degree of correlation a t  the five temperatures of observation. 

The correlation i n  figure 4 is not as good as that shown by the other 

gas-phase reactions, but it i s  comparable with the half-order kinet ics  used 

by the  experimental i n v e ~ t i g a t o r . ~  The reaction is  heterogeneous. It was 

reported tha t  the  reaction might have been i n i t i a l l y  inhibited. This may 
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explain the low values for the first data points. 

Figuse 5 illustrates an electron-transfer reaction in perchloric acid 

solution, The correlation was quite good at the five temperatures at which 

this second-order reaction was observed. Other electron-transfer reactions 

in perchloric acid solutions a lso  show good correlations, 

Figure 6 illustrates an ionic reaction in aqueous solution at four 

temperatures. 

correlation is quite good. 

As in the case of the electron-transfer reactions, the 

The reaction between ferricyanide and 2-mercaptoethanol in aqueous 

solution does not show as good a correlation as do the other reactions in 

aqueous solution, but the data points are somewhat erratic, as shorn in 

figure 7. 

The correlation between the activity quotient and the elapsed time Isl 

generally quite good for reactions in nonaqueous solutions. 

cis -2 -butene episulphide with triphenylphosphine in three organic solvents 

shows a very high degree of correlation, as illustrated in figure 8. The 

reactions illustrated in figures 9 and 10 occur in dioxane and etqanol, 

respectively, and 0-0 show good correlations. 

The reaction of 

Figure U. shows the reaction of styrene with iodine in carbon tetra- 

chloride to have a considerable deviation from linearity, 

kinetics were reported as three-halves order in styrene and first order in 

iodine. 

The initial 

13 

DISCUSSION 

This investigation shows that, for types of homogeneous reactions 

in which the overall chemical reaction can be specified, the activity quotient 
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varies with time i n  a describable lllanner. 

not a generalization, however, because t h e  reactions t o  which it is applicable 

a re  quite res t r ic ted ,  

chiometry, 

did not correlate  very wel l r  

evident when some of t h i s  data was found t o  be nonstoichiometric by more 

recent work. 

This nomechanistic approach is  

The major condition that must be met is t h a t  of s t o i -  

Some of the older data reported i n  the  l i t e r a t u r e  as stoichiometric 

The extreme hportance of stoichiometry became 

Although this  nomechanistic approach does not reveal the processes that 

occur, it does permit some insight into the  energetics of the  reactions 

correlated,  

with time can be found f o r  reactions whose kinet ic  behavior i s  adequately 

described by relationship (7).  

after m l t l p l i c a t i o n  through by t, 

Specifically, the  rate at which the f’ree-energy function increases 

The addition of equations (5) and (8) yields, 

[SI, = G r  

Equation (U) can be considered an energetic description (in terms of the  

free-energy difference) of the stoichiometric reactions described by relat ion-  

ship (7) .  

as expressed i n  relationship ( 2 )  f o r  all the  reactions observedj tha t  is, 

Equation (U) meets the  requirements of c la s s i ca l  thkrmodynamics 

The actual manner i n  which t h e  f reeenergy difference var ies  as the  

described 

equations 

AG = A G O  + 0, h($* 
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This equation cannot be val id ,  of course, fo r  posi t ive values of AG. 

Moreover, one should be cautious of any extreme extrapolation of the data 

beyond the  period of observation. 

CONCLUSION 

A nonmechanistic description of various reactions has been presented: 

which ped t$some  insights in to  the  energetics of the  reactions. 

reactions that have m e t  the  specified conditions ( i n  par t icular ,  stoichiometry), 

t h i s  empirical approach has permitted the correlat ion of the kinet ic  data with 

an accuracy a t  l e a s t  equal t o  that attainable with the  classic  empirical rate 

equations. 

For the 

I n  most cases 60 percgnt o r  more of each reaction was observed. 
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Carrelat ion 

GOOd(>95$) 

Poar(<95$) 

TABU 1, - DISTRIBUTION OF 101 REACTIONS 

Order Total 

0 1 2 3 Fractional 

1 26 35 8 0 70 

1 8 16 3 3 31 

INVESTIGATED AMONG VARIOUS ORDmS 



-12 - 

4 I d  k 
Q, 
ffi 

N Lo 

0 
N 
d 
N 

0 
pc 

2 
1 

% -  
&Y 
5 

co 
3 

IC 
IC 
tc 

M 
N 
CD 

'oc 
0 N N N N  I l i  

0 

F i 2  
3 3  
" 8  ? *  
0 0  0 + + + + I  

0 u 
r u +  



% 
Q) 
ffi 

a 
0 3 H 

w "i' 
* *  

Loa 
*r (  

.. . , . .. -4.- .... . - 
! 

N N  
W c n  c n u a  

0 

3 
0 a 0 0 0 0  

u a d t o d r  
N N r l  rlrlrlg 

0 0 0 0  
MOa)Lo  
L o N ( D N  
rlrlrlri 

r-. * 
Lo 
F 
N 

M z! 

N N N N N  N N N N  

3 
Lo 

8 8  
? ?  
a 0  
r l N  

0 0  
+ +  
33 
0 0  
? ?  

fi 
? 
0 

0 
+ 
ti 
8 c 
0 

3 s  
? ?  
4 0  

0 0  0 
+ 

~~~ 

t i .  
0 0 0 0  
+ + + +  I +  + + + + +  

I 0 0  



- 14 - 

X 

( O B  

2 1  I 

u 
0 m 
2 
rl 

-P 

8 
s 

Q) 
r i  

I t r  

..r 

---t--- 

I 

lo" 

f 

CDO 
O J d  
L C d  

d 

C U N  

3 3  
88 
00 
+ +  

32 m r l  

00 Nco 
m d  

d d  
rl. d v w  u u  

0000 igwx d d d  



3 

0 

-3 
h 

U 
v 

c 
-J 

-6 

-9 

-I 2 
0 2 4 6 

L n  (t) 
8 IO 

Figure 1. - Decomposition of d i - t -bu ty l  peroxide 0 ( t a b l e  2 ,  
r eac t ion  1) and dimethyl e the r  Q ( t a b l e  2, r eac t ion  2 ) .  
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Figure  2. - Decomposition of acetaldehyde 0 ( t a b l e  2, re-  
a c t i o n  3) and azo-isopropane 0 ( t a b l e  2, r e a c t i o n  4 ) .  
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Figure  3. - Decomposition of hydrogen peroxide vapor wi th  83.3 mole per-  
cent  helium ( t a b l e  2, r e a c t i o n  15).  0 741.7' K, 0 731.6' K, 
0 721.6' K, A 712.8' K, [3 704.7' K. 
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Figure 4. - Decomposition of silver oxide ( t ab le  2, re- 
action 5 ) .  
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Figure  5. - Reduction of Fu(IV) by F e ( I 1 )  i n  0.5M p e r c h l o r i c  
a c i d  s o l u t i o n  (table 2, r e a c t i o n  6 ) .  0 293.4' K, 
0 288.6' K, 0 283.4' K, A 279.4' K, L3 275.7' K. 
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F i g i r e  7. - Reaction between potassium fer r icyanide  and 2-mercapto- 

e thanol  i n  aqueous so lu t ion  ( t a b l e  2, reac t ion  9 ) .  I n i t i a l  concen- 
t r a t i o n s  - 0 fe r r icyanide  O.OOllOM, 2-mercapto-ethanol 0.0189M; 

0 fe r r icyanide  O.O0119M, 2-mercapt o-ethanol 0.0206M. 
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